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AERODYNAMIC CHARACTERISTICS OF A 4-ENGINE MONOPLANE 



SHOWING COMPARISON OE AIR-COOLED AND 
LIQUID- COOLED ENGINE INSTALLATIONS 
By A"be Silverstein and Herbert A, Wilson, Jr. 

SUMMARY 



An investigation has "been conducted in the N.A.C.A. 
full-scale wind tunnel of a l/4-scale model of a large 
4-engine monoplane to determine the over-all aerodynamic 
efficiency of comparable liquid-cooled and air-cooled en- 
gine installations. 

The results show that the nacelles for liquid-cooled 
engines increased the high-speed drag of the model 7.9 
percent, the oil coolers 3.9 percent, and the underslung 
Prestone radiators 13.5 percent, making the total drag in- 
crease of the installation 25.3 percent. 

The nacelles for the air-cooled engines increased the 
high-speed drag of the model 16.8 percent, the oil coolers 
3.9 percent, and the cooling air 16.8 percent, making the 
total drag increase of the installation 37.5 percent. A 
slightly higher propulsive efficiency for the air-cooled 
installation partially offset its higher drag. 

The oil coolers in the leading edge of the wing con- 
siderably decreased the maximum lift coefficient* 



INTRODUCTION 



An investigation has "been conducted in the N.A.C.A. 
full-scale wind tunnel to determine the aerodynamic char- 
acteristics of a l/4-scale model of a 4-engine monoplane 
when equipped with comparable air-cooled and liquid-cooled 
engine installat ions. The air-cooled engine installation 
consisted of nacelles equipped with N.A.C.A. cowlings and 
oil coolers located in the leading edge of the wing. The 
liquid-cooled arrangement consisted of nacelles with under- 
slung Prestone radiators and oil coolers in the leading 
edge of the wing. In each case the maximum nacelle diame- 
ters and fairing of the nacelles into the wing were identi- 
cal . 
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The investigation included measurements of the lift f 
the drag, and the pitching moment coefficients of the model t 
and of the propulsive efficiency of the engine-propeller 
installations for the following conditions. 

A. Bare wing model without nacelles, radiators, or 
oil coolers (fig. l). 

B # Air-cooled engine installations (fig. 2) # 

(1) With N.A.C.A. cowlings having large exit 

slots, and oil coolers in the leading 
edge of the wing. 

(2) With oil coolers closed. 

(3) With oil coolers closed and without air 

flow through the cowling. 

(4) With oil coolers closed and with exit slots 

of cowlings refaired and decreased in size. 

C. Liquid-cooled engine installations (fig. 3). 

(1) With nacelles, underslung Prestone radiators, 

and oil coolers in leading edge of the wing. 

(2) With Prestone radiators removed. 

(3) With Prestone radiators removed and oil cool- 

ers closed. 

The l/4-scale model is the same one used in a previous 
investigation of enclo sed-engine arrangements reported in 
reference 1. 

SYMBOLS 



a^, angle of attack of the fuselage reference axis 
relative to the wind axis, deg. 

q f dynamic pressure lh. per sq. ft. 

S, wing area, sq. ft. 

c f mean chord of the wing, area/ span, ft. 



V f air speed t f.p.s. 

L f lift, or force normal to the relative wind, lb # 
D, drag, or force parallel to the relative wind, lb* 

D c» power-off drag of combination, lb # 
M, pitching moment, lb. -ft. 

C L = l/qg 

C D » D/qS (Subscript w refers to power-off drag of 

the model with bare wing; c f to power-off 
drag of the model with engine-na celle 
installation. ) 

C m * M/qSc 

R f resultant drag force of a propeller-body combina- 
tion, lb. 

T, thrust of propellers operating in front of a body 
(tension in propeller shafts), lb. 

AD, increase in drag of the body behind the propellers 
due to the action of the propellers. 

T - AD' f effective thrust of the propeller-body combination. 

T 0 , index thrust. 

P, power input per propeller. 

^tot** t0 * al power input to propellers. 

r - T - AD 

= 

1 pn a D 4 
c p = 



pn 3 D 8 

T) = A9) T - propulsive efficiency. 

'Ht = ^ ( q — ) = over-all efficiency, 
•^c 
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index thrust coefficient. 




T) at C L 



= 0.25. 



propeller 



revolution speed, r.p.s* 



propeller 



diameter, ft* 



propeller 



"blade angle at 0.75 R, deg # 
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flap deflection from closed , position p deg. 



slope of lift curve » dC^/dcCf deg. 



MODEL AND TEST EQUIPMENT 



The tests were conducted in the N.A.C.A. full-scale 
wind tunnel t a description of which is given in reference 2. 

The model was a metal-covered, midwing monoplane with 
a span of 37.25 feet. The wing sections were symmetrical 
and tapered in thickness from 0.18c at the root to 0.10c 
at the tip. The wing had a plan form tapered 4:1, with a 
root chord of 7.28 feet and an area of 172 square feet. 
Split trailing-edge flaps with an average chord of 0.15c 
extended over the middle 60 percent of the span with the 
exception of a short gap at the fuselage. The angle of 
wing setting to the fuselage reference line was 4.6°. A 
line diagram of the model with dimensions of the various 
nacelle-propeller arrangements tested is shown in figure 4, 

Pour 3-hlade aluminum alloy model propellers were used 
throughout the tests. Blade dimensions and sections for 
the propellers are given in figure 5. Each propeller was 
driven "by a 25-horsepower squirrel-cage induction motor, 
the speed of which was regulated hy varying the frequency. 
The propeller speed was measured with a Weston electrical 
tachometer. Propeller torques were determined from an elec- 
trical calibration of the .motors. 

Perforated metal plates were used to simulate the ra- 
diators for the liquid-cooled engine installation, and the 
engines for the air-cooled engine installat ions* The 
plates simulating the radiators were proportioned to have 
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£T the same resistance as a standard Army Air Corps radiator 

|7 of 9-inch depth. Holes were spaced in the 13-inoh-diamotor 

plate used to simulate the air-cooled engine so as to ob- 
tain a conductivity, k f of 0.124 (see reference 3), which 
approximates that of a twin-row radial engine. The cowling 
was tested with the originally designed exit slot 1-3/16 
inches and the reduced slot of 3/4 inch width (fig* 4) 
which have been designated as large exit slot and refaired 
exit slot, respectively. A pressure drop across the con- 
ductivity plates of 1.29 q was measured with the large 
exit slots and 0.63 q with the refaired slots. 



TESTS 



With the propellers removed from the model, measure- 
ments of forfces and pitching moments were made for all the 
test arrangements over an angle-of-at tack range from zero 
lift through the stall at an air speed of about 60 miles 
per hour. Scale effect on the drag at low lift coeffi- 
cients was also measured over a range of air speeds from 
30 to 120 niles per hour. 

With the propellers operating, propulsive character- 
istics of the nacelle-propeller arrangements were deter- 
mined for an angle of attack corresponding to high-speed 
flight. In addition to the usual aerodynamic forces and 
pitching moment, the measurements included the power input 
to the propellers and the propeller speed. Tho procedure 
followed in the propeller tests was to hold the torque con- 
stant' and incroase the tunnel air speed in steps from 30 
miles per hour to 100 miles per hour, after which the pro- 
peller speed was reduced until zero thrust was reachod. 
The effect of the propeller operation upon the lift and the 
pitching moment was determined at a tunnel speed of approxi- 
mately 50 miles per hour for several thrust conditions. 



POWER-OFF CHARACTERISTICS 



Aerodynamic characteristics of the model with the pro- 
pellers removed are shown in figures 6 to 13. The data 
shown in figures 6 to 10 were obtained at a test speed of 
about 60 miles per hovCr corresponding to a Reynolds Number 
of approximately 2,500,000, based on the average wing chord 
of 4^.62 feet. The coefficients are based on a wing area of 
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172 square feet and arc corrected for wind-tunnel effects. 
Pi t ching-moment coefficients are computed about the assumed 
cent er-of-gravi ty position shown in figure 5, A comparison 
of the more important characteristics such as L / D max f 

Ct . , C D at C L = 0*25 f etc., is given in table I. 
max 

.Drag.- The scale effect on the drag coefficients of 

the various model arrangements at- = 0*25 (assumed 

high-speed lift coefficient) is shown in figures 11 and 12. 
The drag coefficients obtained at 100 miles per hour are 
used for the comparison of the arrangements in table I. 
The drag increments due to the nacelles, radiators, cowl- 
ings, etc., are shown in figure 13. 

3ased on the bare-wing model drag, the tests show that 
the liquid-cooled engine nacelles increase the drag coeffi- 
cient of the model by 0*0014, or 7.9 percent; the oil cool- 
ers increase the drag by 0.0007, or 3.9 percent; and the 
Prestone radiators increase the drag by 0.0024, or 13.5 
percent. The total increase in drag coefficient due to the 
liquid-cooled engine installation is 0,0045. or 25.3 per- 
cent. 

The increase in drag coefficient duo to the air-cooled 
engine nacelles and cowlings with no cooling air is 0.0030 
or 16.8 percent of the bare-wing model drag. With the cool- 
ing air flowing through the large exit slot of the cowlings 
the drag coefficient of the nacelles is increased to 0.0060 
or 33.7 porccnt. Including the 3.9-porcent increase due to 
the oil coolers, the total drag of the air-cooled engine 
installations with large exit slots is 0.0067 or 37.6 per- 
cent of the bare-wing model drag. By reducing the exit 
slot gap to 3/4 inch, eliminating the sharp corner of the 
nacelle at the cowling exit slot, and providing a smooth 
contour, the drag of the air-cooled installation was re- 
duced to 0.0054 or 30.4 percent of the bare-wing model drag. 

Maximum lift.- Values of maximum lift for the various 
arrangements are shown in table I. There is little varia- 
tion in the maximum lift coefficients for the air-cooled 
engine arrangements; however, they show a small increase 
over the values obtained for the bare-wing case. This in- 
crease may possibly be attributed to an increase in the 
effective area of the wing due to the nacelles. 

Of particular interest is the comparatively low value 
of the maximum lift coefficient for the liquid-cooled en- 
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gine arrangement with oil coolers open. Unf ortunately , 
the maximum lift coefficient was not determined for the 
air-cooled engine arrangement with oil coolers open? how- 
ever, a study of tuft surveys made on the liquid-cooled 
engine arrangement (reference l) indicates that the oil 
coolers seriously disturb the air flow over the wing at 
iarge angles of attack, thereby inducing an earlier sepa- 
ration and lower maximum lift coefficients 



PROPULSIVE AND OVER-ALL EFFICIENCIES 



Engine-propeller combinations should be compared by 
means of an over-all efficiency including both drag and 
propulsive efficiency. The over-all efficiency is defined 
as the ratio of the power required for the bare-wing model 
at a given level flight speed to the power input actually 
required at this speed for the model with the engine- 
propeller installation* 

The over-all efficiency of the bare-wing model is 
therefore 100 percent and, for an engine-propoller combi- 
nation, is given by 

Values of over-all efficiency given in table I are based 
on a lift coefficient, C L = 0.25, and a blade angle, 

3 = at 0.75 E, which are assumed high-speed condi- 

tions. 

The effective thrust of a propeller-body combination 
may be computed from wind-tunnel data by means of the re- 
lation 

R = D c + AD - T 

from which, 

T - AD = D c - R 

For tests without a lifting surface behind the propel- 
ler, T - AD may be obtained from measurements of D c and 

R made at the same angle of attack and dynamic pressure. 
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When the flow over a lifting surface is influenced "by the 
propeller, there are changes in the lift as well as the 
drag that should he credited to or charged against the pro- 
peller. The change in lift has "been allowed for in these 
results "by making measurements of D c and R at the same 
lift coefficient instead of at the same angle of attack. 

Propulsive -characteristics at = 0.25 are shown 

in figures 14 and 15 for the air-cooled engine installa- 
tions and in figure 16 for the liquid-cooled engine in- 
stallations. The propulsive efficiencies for the air- 
cooled installations at C^ = 0.70 are almost identical 

with those at = 0.25. The propulsivo efficiencies for 

the air-cooled installations with large exit slots (fig. 
14) increase with "blade "angle up to 3 = 33^° f reaching a 
maximum efficiency of 84.5 percent. The liquid-cooled in- 
stallation reaches a maximum value of 81 percent <at 3 = 
2 3^° and decreases slightly for 0 = 28^ 6 . The higher ef- 
ficiency of the air-cooled installations is attributed to 
an improvement in flow over the air-cooled cowlings due to 
the propeller slipstream. The high propulsive efficiency 
of propellers operating ahead of bodies over whl^h the flow 
is disturbed has been noted in previous investigations. 
This latter supposition is borne out by the data shown in 
figure 15 for the air-cooled installations with the refaired 
exit slot. Tor this condition, the exit slot was refaired 
so that the air flow was more nearly tangential to nacelle 
contour than for the original sharp-edge exit slot. The 
propulsive efficiency for this case closely corresponds to 
that for the liquid-cooled installation. The over-all ef- 
ficiencies, T)^ f given in table I t show that the over-all 
efficiency of the liquid-cooled installation is about 64^ 
percent, whereas that for the air-cooled installation with 
large exit slot is only 60 percent. 

POWER-ON CHARACTERISTICS 



In order to describe the conditions of propeller oper- 
ation and avoid the complexities introduced by variations 
in propeller blade angle and V/nD, use is made of an in- 
dex thrust coefficient, which is independent of these varia- 
bles, and takes the form 



c o qS qSV 



in which Tl 0 is tho propulsive efficiency at Cj, = 0.25 
for the t conditions of V/nD and blade angle at which tho 
tests were made. The variations of the lift curves of the 
air-cooled arrangements with T Cq 1 are shown in figures 

17 and 18, and the variations of maximum lift coefficient 
and lift curve slope are shown in figure 19 • The effects 
of power on lift are more pronounced for the case of flaps 
up than for flaps down f and the variation for index thrust 
coefficients greater than 0.1 is almost linear. For index 
thrust coefficients less than 0.1 f the increase in lift 
with flaps down with T c Q 1 is quite large. It will he 

noted that the maximum lift coefficients, flaps up and 
flaps down, converge for high values of index thrust co- 
efficient. 

A ^arge change of the pitching moment with applica- 
tion of power is shown by figures 20, 21, and 22, for the 
air- and liquid-cooled engine installations with flaps up, 
and for the air-cooled engine installation with flaps down. 
Figures 20 and 21 show that for both installations with 
flaps up there is a change in balance with increasing 
power, but no large change in stability. For the air-cooled 
engine installation with flaps down, however, there is a 
smallei change in balance accompanied by a very large 
change in static stability, the model becoming quite un- 
stable at large values of thrust. 

HIGH-SPEED PERFORMANCE COMPARISON 



In order to compare the engine installations directly 
on a basis of the performance of the full-scale airplane, 
a high-speed determination has been uade for all of the 
model arrangements in figures 23 and 24. The calculations 
are based on sea-level air density, a gross weight of 
70,570 pounds, a wing area of 2,750. square feet, a propeller 
diameter of 13 feet, constant-speed propeller operation at 
1,300 r.p.m. , and a total engine output of 4,000 horse- 
power. Curves of lift against drag are taken from data at 
100 miles per hour tunnel speed. 

Values of the high speed for each of the model arrange- 
ments are shown in table I. The high speed for the com- 
plete air-cooled engine installation is 192 miles per hour 
as compared with 195 miles per hour for the complete liquid- 
cooled installation. An interesting comparison is found in 
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items 5 and g of table I f from which it is seen that chang- 
ing from a liquid-cooled nacelle exclusive of cooling to 
an air-cooled nacelle with no cooling decreases the maxi- 
mum speed from 207 miles per hour to 200.5 miles per hour. 
This difference is due to the fact that the drag increment 
for the air-cooled nacelles is more than double that for 
the liquid-cooled nacelles. 



CONCLUDING REMARKS 



The aerodynamic characteristics of the model tested 
with the liquid-cooled engine installation are somewhat 
superior to those of the air-cooled engine installation 
with the original exit slot. The lower propulsive effi- 
ciency of the liquid-cooled installation is more than com- 
pensated for "by the lower drag. Changing the nacelle from 
the streamline shape of. the liquid-cooled installation 
to the blunt shape of the air-cooled installation about 
doubles the nacelle drag* Comparison of the drag results 
for the air-cooled engine installation with the large exit 
slot and with the refaired exit slot emphasizes the neces- 
sity for providing an N.A.C.A. cowling with a smooth exit 
slot and of correctly adjusting the quantity of flow through 
the cowling. 

The refaired exit slot arrangement represents a design 
providing sufficient cooling for climbing flight and ex- 
cessive cooling drag for the high-speed condition. The use 
of an exit slot large enough to cool the engine in the high- 
speed condition, in combination with a means for increasing 
the exit slot area during climbing flight, would reduce the 
cooling drag to a negligible quantity. A corresponding re- 
duction in the cooling drag of the liquid-cooled engine in- 
stallation could be accomplished by the use of wing-duct 
radiators described in reference 4. General comparisons of 
the merits of liquid-cooled and air-cooled engine installa- 
tions are not feasible from the limited data presented in 
this report. 



Langley Memorial Aeronautical Laboratory, 

National Advisory Committee for Aeronautics, 
Langley Field, Va. , December 5, 1938. 
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TABLE I 



COMPARISON OF PRINCIPAL AERODYNAMIC CHARACTERISTICS OF THE MODEL 
WITH LIQUID- COOLED AND AIR-COOLED ENGINE INSTALLATIONS 



Model arrangement 


C D 


i")max 


(to) 
It 


hoax 




^max 
level 
flight 


C L =0.25 


B=23£° 


'6 f =0° 


Sf =60° 




Model without nacelles, 
Dare wing 


0.0178 


— 


100 


1.28. 




20.0 


— 


Air-cooled engine installa- 
tion with large exit slot 
and oil coolers open 


.0245 


82.5 


60 








192 


Air-cooled engine installa- 
tion with large exit slot 
without oil coolers 


.0238 


82.5 


62 


1.34 


1.73 


15.8 


194 


Air-cooled engine installa- 
tion with refaired exit 
slot with oil coolers 
closed 


i0225 


81.0 


64 


1.35 




16.5 


195.5 


Air-cooled engine installa- 
tion without cooling air 
with oil coolers closed 


.0208 


81.0 


69 


1.32 




16.9 


200.5 


Liquid-cooled engine in- 
siaiiaiion wiLn oix ana 
Prestone radiators 


.0223 


81.0 


64.5 


1.16 


(c) 
1.69 


16.6 


195 


Liquid-cooled engine in- 
stallation with oil radi- 
ators and without Prestone 
radiators 


.0199 


81.0 


72.5 








204 


Liquid-cooled engine in- 
stallation without oil and 
Prestone radiators 


.0192 


81.0 


75 








207 



( a )From data at 100 m»p.h, test air speed* 
t^Based on Cj, =0.25 and T] max for 2fy° . 



Landing gear extended; all others, landing gear retracted. 
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FIGURE LEGENDS 



Figure 1.- Bare wing model. 

Figure 2.- Model with nacelles for air-cooled engines. 

Figure 3.- Model with nacelles, radiators, and oil coolers 
for liquid-cooled engines. 

Figure 3a.-* (Bottom view) Model with nacelles, radiators, 
and oil coolers for liquid-cooled engines. 

Figure 4.- Diagram of model arrangements. 

Figure 5.- Blade dimensions for model propellers. 

Figure 6.- Aerodynamic characteristics of model; without 
nacelles, radiators, or oil coolers. Approximate test 
air speed, 60 miles per hour. 

Figure 7.- Aerodynamic characteristics of model; nacelles 
for air-cooled engines, large exit slots, oil coolers 
closed; approximate test air speed, 60 miles per hour. 

Figure 8.-* Aerodynamic characteristics of model. Nacelles 
for liquid-cooled engines, Prestone radiators on, oil 
coolers open; approximate test air speed, 60 miles per 
hour. 

Figure 9.- Aerodynamic characteristics of model. Nacelles 
for air-cooled engines; oil radiators closed; exit slot 
refaired; approximate test air speed, 60 miles per hour. 

Figure 10.- Aerodynamic characteristics of model. Nacelles 
for air-cooled engines; oil radiators closed; no cool- 
ing air; approximate test air speed, 60 miles per hour. 

Figure 11,- Scale effect on drag coefficients for model 
arrangements with nacelles for air-cooled engines. 
0 L = 0.25. 

Figure 12.- Scale effect on drag coefficient "for model ar- 
rangements with nacelles for liquid-pooled engines. 
C L = 0.25, 

Figure 13.- Scale effect on increments of drag for the air- 
cooled and liquid-cooled engine-nacelle arrangements. 



Figure 14.- Propulsive characteristics of the model with 
nacelles for air-cooled engines for four blade angles- 
Large cowling exit slots. 0 L a 0.25. 
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Figure 15.- Propulsive characteristics of the model with 
nacelles for air-cooled engines at 0 = 28-1/2 for: 
a. Model with cowling exit slot refaired; C L = 0.25. 
"b. Model with no cooling air; C L = 0.25. 

Figure 16.- Propulsive characteristics of the model with 

nacelles for liquid-cooled engines for four "blade angles; 
oil coolers open; Prestone radiators on; C L = 0.25. 

Figure 17.- Effect of power on lift coefficient for the 

model with nacelles for air-cooled engines. Large cowl- 
ing exit slots; oil coolers closed; 8f = 0 ; approxi- 
mate test air speed, 50 miles per hour. 

Figure 18.- Effect of power on lift coefficient for the 

model with nacelles for air-cooled engines. Large cowl- 
ing exit slots; oil coolers closed; 8 f = 60°; approxi- 
mate test air speed, 50 miles per hour. 

Figure 19.- Effect of power on the maximum lift coefficient 
and on the lift curve slope for the model with ruacelles 
for air-cooled engines. Large cowling exit slots; oil 
coolers closed; approximate test air speed, 50 miles 
per hour. 

Figure 20.- Effect of power on the pitching-moment coeffi- 
cient for the model with nacelles for air-cooled engines. 
Large cowling exit slots; oil coolers closed; 8 f = 0 . 

Figure 21.- Effect of power on the pitching-moment coeffi- 
cient- for the model with nacelles for liquid-cooled en- 
gines. Prestone radiators on; oil coolers open. 

Figure 22.-' Effect of power on the pitching-moment coeffi- 
cient for the model with nacelles for air-cooled engines. 
Large cowling exit slots; oil coolers closed; 6 f = 60 . 

Figure 23.- Speed determination for the model arrangements 
with nacelles for air-cooled engines. Based on constant- 
speed propeller operation with: total engine power, 4,000 
horsepower; propeller speed, 1,300 r.p.m.; propeller di- 
ameter, 13 feet; gross weight, 70,570 pounds; wing area, 
2 t 750 square feet. 

Figure 24.- Speed determination for the model arrangements 
with nacelles for liquid-cooled engines. Based on con- 
stant-speed propeller operation with: total engine power, 
4,000; propeller speed, 1,300 r.p.m.; propeller diameter, 
13 feet; gross weight, 70,570 pounds; wing area-, 2,750 
square feet. 
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a, e.g. 8.45" above T.E. of root chord 
b, Cowling diameter at engine =13" 
c, Maximum nacelle diameter 
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3 Figure 12 
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Figs. 19,23,24 





